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Abstract 
A study conducted in 1994 as part of the US Geological Survey's National Water-Quality Assess- 
ment Program, South Platte River Basin investigation, examined th  effect of certain environmental 
factors on potential denitrification rates in nitrate-rich riverbed sediments. The acetylene block 
technique was used to measure nitrous oxide (N20) production rates in laboratory incubations of
riverbed sediments o evaluate he effect of varying nitrate concentrations, organic carbon concen- 
trations and type, and water temperature on potential denitrification rates. Sediment incubations 
amended with nitrate, at concentrations ranging from 357 to 2142 ~tmol 1-I (as measured inthe field), 
produced no significant increase (P > 0.05) in N20 production rates, indicating that the denitrifica- 
tion potential in these sediments was not nitrate limited. In contrast, incubations amended with 
acetate as a source of organic arbon, at concentrations ranging from 0 to 624 ~mol 1-1, produced 
significant increases (P < 0.05) in N20 production rates with increased organic carbon concen- 
tration, indicating that the denitrifieation potential in these sediments was organic arbon limited. 
Furthermore, N20 production rates also were affected by the type of organic arbon available as an 
electron donor. Acetate and surface-water-derived fulvic acid supported higher N20 production rates 
than groundwater-derived fulvic acid or sedimentary organic arbon. Lowering incubation tempera- 
tures from 22 to 4°C resulted in about a 77% decrease in the N20 production rates. These results help 
to explain findings from previous tudies indicating that only 15-30% of nitrate in groundwater was 
denitrified before discharging tothe South Platte River and that nitrate concentrations i  the river 
generally were higher in winter than in summer. 
1. Introduct ion 
The US Environmental Protection Agency has set the maximum contaminant level 
(MCL) for nitrate in drinking water at 10 mg l -t as nitrogen (714 ~tmol l-t). Groundwater 
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Fig. 1. Location of study area. 
in agricultural reas often contains nitrate in excess of the MCL owing to anthropogenic 
sources uch as fertilizers, septic tank drainage, feedlots, and dairy and poultry farming 
(Madison and Brunett, 1984; Gold et al., 1990; Bouchard et al., 1992). At concentrations 
above the MCL, nitrate can be toxic to infants and pose other human health problems 
(Bouchard et al., 1992). In addition, nitrate-contaminated groundwater discharging to 
surface water can degrade water quality by promoting eutrophication f surface water. 
A buildup of nitrate in the groundwater of the South Platte alluvial aquifer in Colorado 
has occurred because of application of nitrogen to fields and leaching of nitrogen by 
irrigation water (Austin, 1993; Wylie et al., 1993; McMahon and B6hlke, 1996) (Fig. 1). 
In these areas of irrigated agriculture, discharge from the aquifer is a major contributor 
to flow in the South Platte River (Robson, 1989). Measured rates of groundwater 
discharge ranged from 0.097 to as high as 0.198 m 3 s -1 km -l during the irrigation season 
(Ruddy, 1984). When substantial quantities of groundwater having elevated nitrate con- 
centrations discharged to the river, nitrate concentrations i  the river increased (McMahon 
and B6hlke, 1996). Earlier studies indicated that denitrification i sediments underlying 
and adjacent to the river emoved a part of the nitrate from groundwater before its dis- 
charge to the river (McMahon and B6hlke, 1996). However, those studies did not identify 
the factors affecting denitrification, such as nitrate concentration, organic carbon avail- 
ability, and temperature (Smith and Duff, 1988; Morris et al., 1988; Fujikawa and Hendry, 
1991; Smith et al., 1991; Korom, 1992; Starr and Gillham, 1992; Bradley et al., 1992, 
1995; Hanson et al., 1994). 
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In 1994, as part of the US Geological Survey National Water-Quality Assessment 
(NAWQA) program, South Platte River Basin investigation, a study was conducted to 
examine the effect of several environmental factors on denitrification rates. This paper 
presents the results of that investigation, in which the effects of varying nitrate concen- 
trations, organic arbon concentrations and type, and water temperature on potential rates 
of denitrification in riverbed sediments were evaluated. 
2. Study area 
The study area is located in a part of the South Platte River Basin between Gilcrest and 
Greeley, Colorado (Fig. 1). The alluvial aquifer in this area consists of unconsolidated 
sand and gravel of Quaternary age with minor amounts of interbedded clay and silt. 
Relatively impermeable fine-grained sediments of Cretaceous age underlie the aquifer. 
These Cretaceous sediments yield little water to the aquifer. Irrigation water taken from 
the South Platte River and from the alluvial aquifer is applied to fields overlying the 
alluvium and provides the main source of recharge for the aquifer. The aquifer in the 
study area has a saturated thickness of about 10-20 m. Groundwater in the study area 
generally flows to the west-northwest toward the fiver. The South Platte River at the study 
area is moderately braided, approximately 50 m wide, and has an average depth of 0.4 m 
(McMahon and 136hlke, 1996). 
Groundwater collected from multi-depth piezometers and wells screened below and 
adjacent to the fiver in the study area had nitrate concentrations ranging from about 390 to 
2000 ~mol 1-1, whereas the nitrate concentrations in the fiver ranged from 250 to 
400 t~mol 1-1 (McMahon and Bfhlke, 1996). Concentrations of dissolved organic carbon 
(DOC) in groundwater ranged from 230 to 310 tLmol 1-1 and one fiver-water sample 
contained 433/~mol 1-1. Measured ground-water temperatures ranged from 2 to 18.1°C, 
and fiver-water temperatures ranged from 4.5 to 21.5°C. Dissolved oxygen (DO) concen- 
trations in the groundwater f om the study area were less than 20 t~mol ! -1. The nitrate 
load, based on mass balance, added to the fiver from groundwater discharge in November 
1993 was 230 kg N day -1 km -] (McMahon and B6hlke, 1996). 
3. Methods 
3.1. Sediment sampling 
Samples of riverbed sediment were collected from the sediment-water interface (surfi- 
cial sediments) and from three depths below the interface (buried sediments) to examine 
the effect of nitrate and organic carbon concentrations onpotential denitrification rates in 
various sediments underlying the fiver. Riverbed sediment was scooped from the sedi- 
ment-water interface directly into jars and then refrigerated for as much as 2 weeks until 
experiment began in the laboratory. Three different surficial sediments were collected 
based on grain size: fine-, medium-, and coarse-grained sediments (Table 1). Riverbed 
sediments below the sediment-water interface were extracted, using a peristaltic pump, 
286 KS. Pfenning, P.B. McMahon/J ournal of Hydrology 187 (1996) 283-295 
Table 1 
Organic arbon content and grain size of sediment sampled 
Sediment sample Sedimentary organic Median grain 
carbon content (wt %) size (ram) 
Fine-grained surficial 
Medium-grained surficial 
Coarse-grained surficial 
0.61 m below sediment-water interface 
1.22 m below sediment-water interface 
2.44 m below sediment-water interface 
0.16 0.21 
0.02 0.63 
0.02 1.20 
0.04 0.37 
0.03 0.41 
0.01 0.37 
from a drive point with a screen of 15.25 cm length with openings of3 nun diameter. The 
drive points were hammered into the sediments underlying the river at depths of 0.61, 
1.22, and 2.44 m below the sediment-water interface; the drive points were removed after 
sediment collection. This collection technique xcluded any sediment with grain size 
greater than 3 ram. 
3.2. Solution preparation 
The riverbed sediments were drained to decrease dissolved concentrations of nitrate and 
organic arbon initially present in the sediment. Once the sediments were drained, varying 
amounts of nitrate were added to them to analyze the effect of nitrate concentration on 
potential denitdfication rates. Nitrate solutions were made using sodium nitrate and 
deionized water. The surficial sediments were only incubated in solutions containing 
357/~mol 1-1 nitrate because of the narrow range of nitrate concentrations measured in 
the river (McMahon and B6hlke, 1996). The buried sediments were incubated in solutions 
containing 357, 1071 or 2142/~mol 1-1 nitrate. These concentrations cover the range of 
nitrate concentrations measured in groundwater atthe site. 
Solutions containing varying amounts of acetate were added to the sediments in 
separate xperiments to evaluate the extent to which potential denitrification rates 
were limited by organic carbon availability. All sediments, except for the fine-grained 
surficial sediments, were incubated with solutions containing 0, 208 or 624/zmol 1-1 
organic carbon as acetate. The fine-grained surficial sediment was incubated with a 
solution containing either 0 or 208/~mol C 1-1 as acetate because of its relatively high 
sedimentary organic arbon content. The initial nitrate concentration was 357 ~tmol 1-1 for 
all incubations used to analyze the effect of organic arbon availability on denitrification 
rates. 
Separate xperiments were performed to examine the effect of organic carbon type on 
potential rates of denitrification by adding 208/zmol 1-1 organic carbon as fulvic acid 
derived f~om surface water or groundwater (Aiken and Malcolm, 1987) or 208 ~,mol l- 
organic arbon as acetate to the medium-grained surficial sediment. The medium-grained 
surficial sediment was chosen because of its relatively low sedimentary organic carbon 
content (Table 1). 
All sediments initially were incubated at 22°C. Additional experiments were run at 4°C, 
using the medium-grained surficial sediment to analyze th effect of temperature on 
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potential denitrification rates. For these experiments, a solution containing 357/~mol 1-1 
nitrate and either 0 or 208 ~tmol 1-1 organic carbon, as acetate, was used. 
3.3. Measuring potential denitrification rates 
Sediments were incubated in 120 ml serum bottles. Each bottle contained 40 g of moist 
sediment amended with 50 ml of solution, leaving 55 ml of headspace. To decrease oxy- 
gen levels, the sediment andsolution then were sparged with oxygen-free nitrogen gas for 
5 rain and immediately capped with thick butyl stoppers. To begin incubation, 2.5 ml (5% 
of the headspace) of acetylene was injected. The acetylene was generated by adding 
deionized water to calcium carbide. Acetylene blocks the conversion f N20 to N2; studies 
have indicated that N20 production can be used to measure potential denitrification rates 
(Klemedtsson etal., 1988; Morris et al., 1988; Fujikawa and Hendry, 1991; Bradley et al., 
1992). All of the sediment-solution combinations were run in triplicate with a fourth 
bottle as a control. The control bottles were prepared as the others but were autoclaved 
for 20 rain at 120°C to render denitrifying bacteria inactive b fore acetylene addition, and 
thus acted as a baseline for abiotic N20 production. The controls did not produce N20 
during the experiments. 
The headspace in the vials was sampled at four or five time steps beginning at time zero. 
Samples were taken by inserting a 1 rni pressure-lock glass syringe into the butyl stopper 
and extracting gas from the headspace. Each sample was analyzed for N20 and CO2, using 
a gas chromatograph with a thermal conductivity detector. N20 and CO2 concentrations 
were adjusted for the gas in solution using Bunsen solubility coefficients (Weiss and Priee, 
1980) and Henry's law constants. From these concentrations, the production of NzO and 
CO2 was quantified over time by performing a linear regression on the time-series data. 
The relation between rates of denitrification and nitrate or organic carbon concentrations 
was analyzed by linear-regression a alysis. Levels of significance were set at ~ .- 0.05 for 
all statistical analyses. Once the experiments were completed, sediments were oven-dried 
before weighing, carbon analysis, and grain-size analysis. Organic carbon was calculated 
by subtracting inorganic arbon from total carbon, both of which were analyzed using a 
coulometer. 
4. Results and discussion 
4.1. Effect of nitrate and organic carbon concentrations on N~ production rates 
Rates of N20 production did not increase significantly (P > 0.05) with increasing nitrate 
concentration in any buried sediments (Fig. 2). These results indicated that the denitrifica- 
tion potential was not limited by the availability of nitrate, which is consistent with the 
relatively high concentrations of nitrate measured in groundwater beneath the river at this 
site (390-2000/~mol 1-~; McMahon and B6hlke, 1996)). In contrast, here were significant 
increases (P < 0.05) in N20 production rates with increasing acetate concentrations i  four 
of six incubations (Fig. 3). The exceptions--the fine-grained surficial sediment and the 
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buried sediment from the 0.61-m depth did not indicate a significant increase (P > 0.05) 
in N20 production rates with increasing acetate concentration. For the fine-grained 
surficial sediment, the lack of increase was probably due to the relatively high organic 
carbon content of the sediment (Table 1). Overall, these results indicated that the 
denitrification potential in most sediments was limited by the availability of organic 
carbon. 
Other studies also have shown that low sedimentary organic carbon contents may limit 
potential denitrification rates (Smith and Duff, 1988; Morris et al., 1988; Hammon and 
Fustec, 1991; Start and Gillham, 1992; Bradley et al., 1992, 1995). A consequence of the 
organic carbon limitation in the South Platte alluvial aquifer system may be that nitrate in 
discharging roundwater was only partly denitrified before entering the river. McMahon 
and B6hlke (1996) estimated that 15-30% of the nitrate in groundwater at this site was 
denitrified before discharging to the river. Comparison of potential N20 production rates 
measured under in situ nitrate and organic carbon concentrations with concentrations of
nitrate and organic carbon measured in the field (Fig. 4) further supports the conclusion 
that denitrification potential in the riverbed sediments is generally limited by the avail- 
ability of organic carbon. The highest potential rates of N20 production occurred in 
surficial sediments containing relatively high organic carbon contents even though 
stream-water nitrate concentrations were low (Fig. 4). In contrast, lower rates of N20 
production occurred in buried sediments having less organic carbon, but higher nitrate 
concentrations. 
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4.2. Effect of organic carbon type on N20 production rates 
Rates of N20 production were related to the type of organic carbon present in the 
sediments (Fig. 5). The highest N20 production rates were in incubations amended with 
acetate, and the lowest rates were in incubations with no added organic carbon. Rates 
produced in incubations amended with fulvic acids were intermediate. Acetate is a rela- 
tively labile form of organic carbon so it is not surprising that the highest N20 production 
rates were in the acetate-amended incubations. However, high concentrations of acetate 
Fig. 4. Relation of depth to (a) N20 production rate, (b) dissolved nitrate concentration, (c) dissolved organic 
carbon concentration, and (d) sedimentary organic carbon content. Nitrous oxide production rates are products of 
incubation with nitrate concentration which correspond to- c centrations measured in the field and with no
addition of organic carbon. 
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generally were not present in shallow groundwater. The surface-water-derived fulvic acid 
also supported relatively high N20 production compared with the groundwater-derived 
fulvic acid (Fig. 5). These data indicated that shallow riverbed sediments subjected o 
mixing with surface water may support higher denitrification rates than the deeper 
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riverbed sediments because of the type of organic carbon available as an electron 
donor. 
The CO2 production rates in the incubations also were related to the type of organic 
carbon in the sediment, but were inversely related to the N20 production rates (Fig. 5). The 
inverse relation between N20 and CO2 production rates may indicate that the different 
organic substrates used in the incubations vary in oxidation state. For example, if organic 
carbon in the fulvic acids had a higher oxidation state than carbon in acetate, the fulvic 
acid would require greater carbon turnover per mole of nitrate reduced. Assuming that the 
CO~q'q20 production ratio is a measure of the efficiency by which the different organic 
substrates supported enitrification, then progressively ess efficient denitrification reac- 
tions occurred in incubations amended with acetate, surface-water-derived fulvic acid, and 
groundwater-derived fulvic acid (Fig. 5). The relative efficiency of different ypes of 
organic carbon in supporting denitrification may be important in systems where denitri- 
fication is organic arbon limited. 
4.3. Effect of temperature on NzO production rates 
Rates of N20 production decreased by as much as 77% in sediments incubated at 4°C 
compared with the same sediments incubated at 22°C (Fig. 6(a)). These results are con- 
sistent with the findings from previous tudies indicating that denitrification rates were 
affected by seasonal temperature patterns (Hanson et al., 1994). An important conse- 
quence of these findings is that nitrate concentrations in reaches of the South Platte 
River dominated by groundwater discharge mayincrease during the winter when lower 
temperatures suppress denitrification. Nitrate and temperature data were collected over a 
22 month period from the South Platte River at Julesburg, Colorado, a site with sediment 
similar to the study area. Flow in the South Platte River in the Julesburg area is almost 
100% groundwater return flow. An inverse relation was observed between itrate and 
temperature (Fig. 6(b)), indicating that lower temperatures may have suppressed 
denitrification i sediments along that reach. These results suggest that the chemistry of 
the river water seems to be at least partly controlled by microbial processes in the riverbed 
sediments that reduced nitrate concentrations in groundwater before it discharged to the 
river. 
5. Conclusion 
Denitrification i riverbed sediments i a sink for nitrate in groundwater that discharges 
to the South Platte River. Laboratory experiments i dicated that potential rates of deni- 
trification in the riverbed sediments were limited by the availability of organic arbon and 
by temperature. Potential denitrification rates were not nitrate limited. Acetate and 
surface-water-derived fulvic acid supported higher N20 production rates than ground- 
water-derived fulvic acid or sedimentary organic arbon. Potential rates of denitrification 
measured at 4"C were about 77% lower than rates measured at 22°C in the same sediment. 
Results from this study indicated that high nitrate concentrations i  segments of the South 
Platte River, which are controlled by groundwater discharge, may be due in part to 
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denitrification in riverbed s iments that is limited by organic carbon availability. 
Relatively high nitrate concentrations in the river during winter may indicate that low 
temperatures seasonally suppress denitrifying activity in riverbed sediments. 
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